Hydrogen has been considered as an important candidate of light elements in the Earth's core. Because iron hydrides are unquenchable, hydrogen content is usually estimated from in situ X-ray diffraction measurements that assume the following linear relation: x = (V FeHx -V Fe )/DV H , where x is the hydrogen content, DV H is the volume expansion caused by unit concentration of hydrogen, and V FeHx and V Fe are volumes of FeH x and pure iron, respectively. To verify the linear relationship, we computed the equation of states of hexagonal iron with interstitial hydrogen by using the KorringaKohn-Rostoker method with the coherent potential approximation (KKR-CPA). The results indicate a discontinuous volume change at the magnetic transition and almost no compositional (x) dependence in the ferromagnetic phase at 20 GPa, whereas the linearity is confirmed in the non-magnetic phase. In addition to their effect on the density-composition relationship in the Fe-FeH x system, which is important for estimating the hydrogen incorporation in planetary cores, the magnetism and interstitial hydrogen also affect the electrical resistivity of FeH x . The thermal conductivity can be calculated from the electrical resistivity by using the Wiedemann-Franz law, which is a critical parameter for modeling the thermal evolution of the Earth. Assuming an Fe 1-y Si y H x ternary outer core model (0.0 ≤ x ≤ 0.7), we calculated the thermal conductivity and the age of the inner core. The resultant thermal conductivity is ~100 W/m/K and the maximum inner core age ranges from 0.49 to 0.86 Gyr.
introduction
Seismologically inferred density profile of the Earth interior suggests that some amount of light alloying elements are incorporated into iron-based metallic core (Birch 1964) . Hydrogen is one of the important light element candidates in the Earth's core because only a small amount of interstitial hydrogen may drastically change the physical properties of iron at high pressure, e.g., crystal and magnetic structure (e.g., Isaev et al. 2007; Elsässer et al. 1998; Pépin et al. 2014) , melting temperature (e.g., Yagi and Hishinuma 1995; Okuchi 1998; Sakamaki et al. 2009; Shibazaki et al. 2011 Shibazaki et al. , 2014 , and density and elastic properties (Caracas 2015; Hirao et al. 2004; Mao et al. 2004; Pépin et al. 2014; Shibazaki et al. 2012; Tagawa et al. 2016; Umemoto and Hirose 2015) . The maximum abundance of hydrogen has been estimated to be 0.3 ≤ x ≤ 0.5 (in atomic ratio) for the Earth's core (Okuchi 1997; Narygina et al. 2011; Umemoto and Hirose 2015) . Furthermore, recent experimental study on hcp Fe-Si-H ternary alloys suggests that the abundance of alloying hydrogen is x = 0.17 (Tagawa et al. 2016) . These results rely on our knowledge of non-stoichiometric phases such as FeH x .
Investigation of non-stoichiometric FeH x is not an easy task for both experimental and theoretical studies. Experimental measurements on non-stoichiometric FeH x alloys have been very limited (Yamakata et al. 1992; Antonov et al. 1998; Shibazaki et al. 2014; Machida et al. 2014; Tagawa et al. 2016; Iizuka-Oku et al. 2017 ) because most of the previous experiments on Fe-H system were conducted under hydrogen-saturated conditions. On the other hand, theoretical studies have the advantage of simulating non-stoichiometric FeH x alloys by means of super-cell technique (e.g., Caracas 2015; Umemoto and Hirose 2015) . However, such a method requires a large super cell to calculate arbitrary concentration of hydrogen. Furthermore, the calculated results are influenced by the geometry of the super cell (Caracas 2015) .
Here we report results of the total energy and the band structure of FeH x alloys obtained by means of first-principles calculations based on the Korringa-Kohn-Rostoker method (KKR) (e.g., Akai 1989) . The coherent potential approximation (CPA) is adopted to deal with the alloying effect, which is a complementary approach to the super-cell method. In this study, we focused on the equation of state (EoS) of hexagonal close-packed (hcp) and double hexagonal close-pack (dhcp) iron hydrogen alloys FeH x to evaluate the effect of ferromagnetism and interstitial hydrogen. The results demonstrate the non-linear volume change with hydrogen content due to magnetic transition. We discuss the validity of estimating hydrogen content by in situ X-ray diffraction. Another pronounced feature of the CPA is the explicit representation of broadening of band structure due to disorders, which are closely related to the electrical resistivity (Gomi et al. 2016 ). Finally we will discuss the implications for alloying hydrogen in Earth and planetary cores.
metHods
We performed static first-principles calculations of hcp and dhcp iron-hydrogen alloys. The Korringa-Kohn-Rostoker (KKR) method was used as implemented in the AkaiKKR code (Akai 1989 ). Perdew-Burke-Ernzerhof (PBE) type of gen-eralized gradient approximation (GGA) was used for the exchange-correlation functional (Perdew et al. 1996) . The relativistic effects are taken into account within the scalar relativistic approximation. The wave functions are calculated up to l = 2, where l is the angular momentum quantum number. The coherent potential approximation (CPA) was used to represent hydrogen atoms, which randomly occupied the octahedral interstitial site. The hydrogen content x varied from 0.0 (pure iron) to 1.0 (hydrogen saturated iron hydrides) with 0.1 step. The axis ratio is optimized by the total energy minimum at each volume. The number of k-points is set to be at least 312 in the irreducible Brillouin zone. Both spin polarized and non-spin polarized calculations were carried out to represent ferromagnetic and non-magnetic states, respectively. The local moment disorder (LMD) state is also simulated, which is an analog of the paramagnetic state above the Curie temperature (Akai and Dederichs 1993 ; see also Supplementary 1 text). The energy difference between ferromagnetic and LMD state indicates the relative stability of the ferromagnetism with regards to temperature. Applying the Heisenberg model, the energy difference gives rough value of the Curie temperature, T c :
where k B is the Boltzmann constant, and E LMD and E ferro are total energies of LMD and ferromagnetic states, respectively. This method is used by computational material design of stable magnet for industrial purpose (Sato et al. 2003 ).
results Figure 1 shows the total energies of hcp and dhcp, nonmagnetic and ferromagnetic FeH x alloys as a function of volume. In general, non-magnetic phases have smaller V 0 than those of ferromagnetic phases. For pure Fe, the most stable phase is non-magnetic hcp Fe with equilibrium volume per formula unit (fu) of V 0 = 70.58 Bohr 3 /fu (10.46 Å 3 /fu), followed by ferromagnetic dhcp, non-magnetic dhcp, and ferromagnetic hcp Fe at zero pressure. For FeH 1.0 , the relative stability in order is: ferromagnetic dhcp, ferromagnetic hcp, non-magnetic dhcp, and non-magnetic hcp. At higher pressure, relative phase stability can be obtained by comparison of the enthalpy, H(V) = E(V) + PV. To calculate the pressure, we used the third-order isothermal Birch-Murnaghan equation of states (EoS). First, we fitted the total energy to the E-V relation:
where E is the total energy, K and Kʹ are the bulk modulus and its pressure derivative, and V is the volume. Subscript 0 indicates zero pressure value. Supplementary  1 Tables 1-4 show the fitting parameters. Pressures were then calculated by using the P-V relation:
EoS of ferromagnetic and nonmagnetic dhcp FeH 1.0 and nonmagnetic hcp Fe are shown in Figure 2a . Our calculated results of ferromagnetic dhcp FeH 1.0 are consistent with previous results obtained from diamond-anvil cell (DAC) experiments at low pressure (Hirao et al. 2004; Pépin et al. 2014 ). However, the calculated volume of ferromagnetic dhcp FeH 1.0 deviates at about 30 GPa, and the non-magnetic result approaches to the experimentally determined volumes at around 60 GPa. This behavior is consistent with previous calculations (e.g., Elsässer et al. 1998; Tsumuraya et al. 2012; Pépin et al. 2014) . Similarly, our hcp Fe results broadly reproduce the compression curve of hcp Fe determined by DAC studies Dewaele et al. 2006) . Figure 2b shows the Curie temperature of dhcp FeH 1.0 , which is comparable to the Curie temperature of bcc iron at ambient pressure.
The same procedure was applied to non-stoichiometric FeH x alloys calculated by using the CPA. With increasing hydrogen content, V 0 of each phase becomes larger, and hence the ferromagnetic phase tends to become stable (Fig. 1) . On the contrary, the pressure effect favors smaller volume phases, which leads to the collapse of ferromagnetism at high pressure. Figure 2c indicates the most stable crystal/magnetic structure among these four combinations as functions of pressure and hydrogen content. Within the stability field of the ferromagnetic dhcp, the Curie temperature is also shown by broken lines (Fig. 2c) .
discussion

Magnetic transition pressure
One of the critical discrepancies between first-principles prediction and experimental observation is the magnetic transition pressure. Elsässer et al. (1998) predicted that the stable magnetic structure of FeH is the ferromagnetic, and it transforms to non-magnetic phase at about 60 GPa. This transition pressure is reproduced by subsequent first-principles studies (Pépin et al. 2014; Tsumuraya et al. 2012) , further supported by this study (Fig. 2) . However, previous DAC experiments implied much lower transition pressure. Mao et al. (2004) conducted nuclear resonant X-ray scattering (NRIXS) experiments up to 52 GPa to obtain compressional velocity and shear wave velocity of FeH. They found the change in slope of these velocity plots above 22 GPa. Shibazaki et al. (2012) performed inelastic X-ray scattering (IXS) measurements up to 70 GPa, and also found a similar anomaly at around 30 GPa. Such an anomaly has been interpreted as the magnetic transition from ferromagnetic to non-magnetic state. Indeed, these transition pressures are much lower than theoretical predictions. The local magnetic moments of two Fe sites in dhcp FeH x have slightly different value, and they are quenched almost simultaneously with compression, which is consistent with previous calculation (Tsumuraya et al. 2012) . In addition to the generalized gradient approximation (GGA) for the exchange correlation functional, which likely overestimates the stability field of large volume phases (i.e., ferromagnetic phase), we consider the effect of finite temperature, based on the experimental fact that the Curie transition is second-order phase transition. Previous X-ray diffraction (XRD) measurements (Hirao et al. 2004; Pépin et al. 2014) suggest that the EoS of dhcp FeH is consistent with first-principles EoS of its ferromagnetic phase at pressures below ~30 GPa, but the experimental results become gradually deviate from theoretical prediction of ferromagnetic FeH. At pressures above 50 GPa, the experimental data become consistent with theoretical EoS of non-magnetic FeH again. Mitsui and Hirao (2010) conducted in situ Mössbauer measurement up to ~65 GPa. They found rapid disappearance of ferromagnetic 6-line pattern at 27.6 GPa, but there still remains residual weak hyperfine field up to 64.7 GPa. To assess the stability of ferromagnetism relative to the paramagnetic state with randomly distributed the momentum directions, we calculated the total energy of the LMD state. The calculated Curie temperature decreases rapidly with applying pressure, and as well as XRD study by Hirao et al. (2004) . In this study, we only considered the ground state ferromagnetism and the LMD state at the Curie temperature. The contribution to the free energy of intermediate temperature magnetism, as well as finite temperature phonon and fcc phase transition, needs to be investigated in the future. Furthermore, it is also important to investigate the sound-wave velocity around the magnetic transition.
Volume of FeH x alloys
Thermodynamic calculations suggest that the solubility of hydrogen is significantly enhanced at high hydrogen pressure over 3.5 GPa, whereas hydrogen is hardly dissolved into iron at ambient conditions (Sugimoto and Fukai 1992; Fukai 1992) . This is confirmed from in situ XRD experiments, which show a large volume difference between Fe and FeH x caused by the occupation of hydrogen atoms into the interstitials (e.g., Hirao et al. 2004; Narygina et al. 2011; Pépin et al. 2014) . Difficulties arose from the fact that high-pressure polynomials of iron-hydrides cannot be quenched to ambient pressure and temperature, thus some experiments were conducted to determine the hydrogen or deuterium content at high pressure. Okuchi (1997 Okuchi ( , 1998 ) measured the volume fraction of hydrogen bubbles in the iron grains of a recovered sample by means of a rapid-decompression technique. Antonov and coworkers successfully quenched the FeH x sample to ambient pressure and low temperature by pre-cooling of the sample below 150 K before releasing the pressure. And they conducted outgassing (Schneider et al. 1991) and neutron diffraction measurements (Antonov et al. 1998 ) on the recovered sample. Recently, Machida et al. (2014) and Iizuka-Oku et al. (2017) reported results from in situ neutron diffraction measurements. However, the maximum pressures of these studies are limited to less than 10 GPa. At higher pressures, in situ XRD measurement is the most common way to determine the volume of FeH x . To estimate the hydrogen content from its volume, the following linear volume-composition relationship is widely used:
where x is hydrogen content, V FeHx is the volume of FeH x per formula, V Fe is the atomic volume of iron, and DV H is volume increase per hydrogen atom (see also Supplementary 1 text). The DV H has been assumed to be independent of x. This relationship is applicable to several face-centered cubic (fcc) metal-hydrogen alloys, which is confirmed from degassing methods (Fig. 3a ) (see review in Fukai 2006) . To test the applicability of our first-principles calculations, we first calculated the equilibrium volume of fcc metal-hydrogen alloys (PdH x , NiH x , Ni 0.8 Fe 0.2 H x , and Fe 0.65 Ni 0.29 Mn 0.06 H x ). Our first-principles results are broadly consistent with previous experimental results (Fukai 2006) , which show nearly linear volume expansion as a function of hydrogen content, as predicted by Equation 4 (Fig. 3a) . Figure  3b shows the volume of the most stable phase and non-magnetic phase of FeH x as a function of hydrogen content at 20 GPa. Figure  3c presents the DV H = (V FeHx -V Fe )/x. The figures clearly indicate the violation of linearity. At x < 0.4, where the non-magnetic hcp FeH x phase is stable, the volume increases almost linearly. However, a discontinuous increase of volume occurs across the phase transition from non-magnetic hcp to ferromagnetic dhcp Note that we only considered following four phases: ferromagnetic dhcp, nonmagnetic dhcp, ferromagnetic hcp, and nonmagnetic hcp. We also neglect the phase separation, which may occur at low temperature. (Color online.) becomes comparable to the ambient temperature at the highest pressure. This behavior is consistent with previous Mössbauer spectroscopy measurements reported by Mitsui and Hirao (2010) , phase. Within the ferromagnetic phase, the volume is almost independent of hydrogen content, suggesting that the volume of FeH x phase is mostly controlled by ferromagnetism. Recently, Iizuka-Oku et al. (2017) reported the result of in situ neutron diffraction measurements on fcc FeD x . They compressed Fe with Mg(OD) 2 and SiO 2 mixture as a deuterium source. The sample was heated to ~1000 K at ~ 4 GPa. During the 12 h holding time, the Fe sample was progressively deuterated, which is confirmed by the volume increase and the 111/200 diffraction intensity ratio of fcc FeD x . The volume expansion exhibited non-linear behavior as a function of the holding time, which might be partly related to the magnetic transition.
The volume of ferromagnetic alloys has been interpreted in term of average magnetic moment (see Shiga 1974 for a review). For example, the lattice constant of Fe-Co system has a maximum at the top of the Slater-Pauling curve. In the case of the Fe-H system, the magnetic element is iron only. Therefore, the bulk magnetic moment is almost independent of hydrogen concentration. This is consistent with our first-principles prediction showing little dependence of x on the volume. The Equation 4 is widely used by many previous studies to estimate the hydrogen content of iron hydride at high pressure (e.g., Yagi and Hishinuma 1995; Shibazaki et al. 2011; Terasaki et al. 2012; Tagawa et al. 2016) . However, our results suggest possible overestimates of the hydrogen content in these experiments because of the assumed linear relationship. Figure 3b also shows that the volume of non-magnetic phase follows the linear relationship predicted by Equation 4. Such linearity is also observed in non-magnetic phases at higher pressure. Therefore, the Equation 4 can be applied at pressures higher than ~65 GPa.
Electrical resistivity
It is also worth mentioning the effect of magnetism and interstitial hydrogen on the electrical resistivity, since the electrical resistivity and relevant thermal conductivity are crucial for the thermal evolution of the Earth (de Koker et al. 2012; Pozzo et al. 2012; Gomi and Hirose 2015; Gomi et al. 2013 Gomi et al. , 2016 Seagle et al. 2013; Konôpková et al. 2016; Ohta et al. 2016; Suehiro et al. 2017 ). The total resistivity of Fe alloys at the core conditions involves many scattering mechanisms, namely phonon scattering, impurity scattering, magnetic scattering, and electron-electron correlations. Among them, impurity resistivity of alloying elements is predicted to be predominant and the effect of spindisordered resistivity has been neglected at the Earth's core (see Supplementary Fig. S5 of Gomi et al. 2016) . As shown in Gomi et al. (2016) , the life time and the mean free path of electrons are relevant to the degree of broadening of the band structure in the vicinity of the Fermi energy via uncertainty relationship. Therefore, we can qualitatively estimate the electrical resistivity from the band structure. Figure 4a shows the band structure of non-magnetic dhcp Fe. At the stoichiometric composition, the band structure has no broadening because it has no disorder. The broadening increases with increasing hydrogen content, and reaches a maximum at x = 0.5, which is the highest chemical disorder (Fig. 4c) . Above x = 0.5, it decreases with recovering the ordering (Fig. 4e) . However, it is found that the broadening mainly occurred at far below the Fermi level. This is consistent with the fact that the hydrogen s states locate at around -0.6 Ry from the Fermi energy (Tsumuraya et al. 2012) . Even if we considered the electron temperature, the half width at half maximum of the Fermi-Dirac distribution function is 5.58 × 10 -2 Ry at T = 5000 K (see Supplementary   1 text for detail). Because only electrons at the vicinity of the Fermi energy can contribute the electrical conduction, the effect of disordered hydrogen atoms is predicted to be insignificant to the impurity resistivity. On the other hand, the band structures of LMD state exhibit a strong broadening around the Fermi energy (Figs. 4f-4j) , which is consistent with the fact that the spin magnetic moment of Fe 4d electrons dominates the bulk magnetic moment of FeH x . As well as the impurity resistivity, this broadening contributes to the electrical resistivity as the spin disordered resistivity (Glasbrenner et al. 2014; Ebert et al. 2015) . Considering that both the magnetic moment and the Curie temperature of ferromagnetic hcp and dhcp FeH are comparable to those of bcc Fe, the spin-disordered resistivity could be at the same level with that of bcc Fe. This value is comparable to the saturation resistivity and consistent with previous high P-T resistance measurement of dhcp FeH (Antonov et al. 2002) .
Previous high-pressure and room-temperature resistance measurements on dhcp FeH x showed similar pressure dependence with pure hcp Fe (Matsuoka et al. 2011 , Gomi et al. 2013 . Assuming that the composition is close to the stoichiometric composition (x = 1.0), dominant scattering mechanism may be lattice vibration. Therefore, the phonon-contributed resistivity of dhcp FeH x may be comparable to that of hcp Fe.
In summary, we considered here three scattering mechanisms on FeH x alloys at high pressure: impurity resistivity, spin disordered resistivity, and phonon-contributed resistivity. Impurity resistivity of interstitial hydrogen is predicted to be small, whereas that of substitutional silicon is predominant in hcp Fe-Si alloy (Gomi et al. 2013 (Gomi et al. , 2016 Seagle et al. 2013 ). On the other hand, spin-disordered resistivity may have a significant contribution within the stable pressure-composition range of ferromagnetic phase at high temperature. Phonon-contributed resistivity of FeH x may not be significantly different from pure Fe. Thus, we predict that the spin-disordered resistivity is predominant at around the Curie temperature and below the magnetic transition pressure, and it will largely decrease in conjunction with the disappearance of its magnetism.
implications
Our calculations indicate that ferromagnetism in FeH x collapses above ~65 GPa, accompanied with significant changes in physical properties. One of the important findings of this study is the absence of a strong scattering mechanism in FeH x alloys at the Earth's core conditions. Gomi et al. (2016) found that the Si impurity resistivity is predominant in Fe-Ni-Si ternary alloy at the core P-T conditions (see Supplementary Fig. S5 of Gomi et al. 2016 ). However, we predict that H impurity should not contribute to the electron scattering (Figs. 4a-4e ). Another possible scattering mechanism is magnetic disorder (Drchal et al. 2017). Although it indeed exhibits strong broadening of the band structure (Figs. 4f-4j) , the ferromagnetic state becomes unstable above ~60 GPa, leading to no contribution to resistivity of the Earth's core. Therefore, if hydrogen were the predominant alloying light elements in the Earth's core, the total core resistivity would be smaller than our previous estimates based on Fe-Ni-Si ternary core model (Gomi et al. 2016) .
To understand the thermal evolution of hydrogen-bearing Earth's core, we develop an Fe 1-y Si y H x ternary composition model for the Earth's outer core as follows. First, we modeled the outer core temperature as function of hydrogen content, x. The melting temperature of pure Fe at the inner core boundary (ICB) pressure is extrapolated to be ~6200 K (Anzellini et al. 2013; Alfè 2009 ) and that of FeH 1.0 to be ~3500 K (Sakamaki et al. 2009 ). Note that Si may not significantly decrease the melting temperature (Fischer et al. 2013) . Assuming that the melting temperature reduction is proportional to x, the present-day ICB temperature may be T ICBp (x) = 6200-2700x K. The core mantle boundary (CMB) temperature can be estimated from the adiabatic temperature gradient, T
density , where g = 1.5 is the Grüneisen parameter (Vočadlo et al. 2003) ,  CMB density = 9.90349 g/cm 3 and  ICB density = 12.16634 g/cm 3 are densities at the CMB and the ICB, respectively (Fig. 5 ) (Dziewonski and Anderson 1981) . The present-day CMB temperature is plotted in Figure 6a .
Next, we calculated the Si content, y, based on the comparison between the density of preliminary reference Earth model (PREM) (Dziewonski and Anderson 1981) and that calculated from the EoS of Fe 1-y Si y H x alloy at the CMB pressure and temperature (Fig. 5) . Assuming that the volume increase xDV H depends only on pressure, and independent of temperature and Si content, we formulated the EoS of Fe 1-y Si y H x alloy to be P Fe-Si-H (V, T, x, y) = P Fe-Si (V -xDV H , T, y). Following Tateno et al. (2015) , the EoS of Fe 1-y Si y alloy is obtained by linear interpolation between the EoS of hcp Fe (Dewaele et al. 2006 ) and that of hcp Fe + 9 wt% Si alloy (Tateno et al. 2015) . The xDV H is calculated from EoS of hcp FeH x of this study. Figure 6b represents the Si content as a function of the H content. The Si content decreases with increasing the H content, as expected. Because of the convection, the composition is uniform throughout the outer core. The calculated density profiles of all compositions considered here are broadly consistent with the PREM at deep portion of the outer core (Fig. 5) .
Then, we modeled the thermal conductivity of the ternary alloy. Similar to the model used by Gomi et al. (2016) , we adopted the following core resistivity model with the resistivity saturation, which is proposed by Cote and Meisel (1978) 
where ρ tot (V,T) is the total resistivity, ρ sat (V) is the saturation resistivity, ρ ph,ideal (V,T) is the "ideal" phonon-contributed resistivity that neglects the effect of the resistivity saturation, ρ imp (V,y) is the impurity resistivity at 0 K, and exp [-2W(T) ] is the Debye-Waller factor that gives temperature coefficient of impurity resistivity. We must emphasize the absence of the magnetic scattering term in Equation 5. For the ferromagnetic body-centered cubic (bcc) Fe, the magnetic scattering resistivity is about double of the phonon contributed resistivity at 1 bar and at the Curie temperature (Bäcklund 1961) . The experimentally measured total resistivity of ferromagnetic dhcp FeH at ~6 GPa (Antonov et al. 1982 (Antonov et al. , 2002 shows a high resistance. The resistance ratio is R/R 0 ~ 9 at 330 °C, where the subscript 0 indicates the ambient conditions. Assuming ρ = ρ 0 R/R 0 and ρ 0 = 1.0 × 10 -7 Wm, the estimated resistivity is ~9 × 10 -7 Wm, which is comparable to that of bcc Fe. The present calculations on the band structure of the LMD dhcp FeH x show strong broadenings (Fig. 4) , which imply a large magnetic scattering resistivity, consistent with the results of Antonov et al. (1982 Antonov et al. ( , 2002 . If such magnetic moments are not quenched at the Earth's core condition, the magnetic scattering resistivity should have a large contribution to the total resistivity. However, our total energy calculations indicate that the stability field of ferromagnetic FeH x is limited below ~65 GPa, suggesting the absence of magnetic scattering at the Earth's core, whose pressure range is above 135 GPa. We also neglected the effect of electron-electron correlations, which may not be significant (Pourovskii et al. 2014) . The saturation resistivity is assumed to be propositional to V 1/3 (Gomi et al. 2013 )
where ρ sat (V 0 ) = 1.68 × 10 -6 Wm is the saturation resistivity at 1 bar obtained from resistivity measurements on bcc and fcc Fe-based alloys (Bohnenkamp et al. 2002) . We assumed that the phononcontributed resistivity of dhcp FeH x is very close to that of hcp Fe, which can be extrapolated from 300 K measurements of hcp Fe reported by Gomi et al. (2013) . At around 300 K, the resistivity can be calculated by using the Bloch-Grüneisen formula,
where B(V) is the material constant (Gomi et al. 2013 ) and Q D (V) is the Debye temperature (Dewaele et al. 2006) . The BlochGrüneisen formula can reproduce the temperature dependence of hcp Fe up to 450 K (Gomi et al. 2013; Ohta et al. 2016 ). However, it will be violated because of the resistivity saturation, and the total resistivity of pure metals can reasonably be represented by the Shut-resistor model (Wiesmann et al. 1977) .
Note that, if we ignore the impurity resistivity, Equation 5 is equivalent to the Shut-resistor model (Eq. 8).
Still under discussion are the amount and the composition of light alloying elements in the Earth's Fe-Ni dominant core. The presence of the impurity elements causes an additional scattering of electron in metal, which is the origin of impurity resistivity. For the impurity resistivity in the core, the effect of alloying Si has been most widely investigated (Matasov 1977; Stacey and Anderson 2001; Seagle et al. 2013; Gomi et al. 2013 Gomi et al. , 2016 Kiarasi and Secco 2015) . Gomi et al. (2016) suggested that the Si impurity resistivity is larger than the phonon-contributed resistivity and the Ni impurity resistivity for the hypothetical Fe-Ni-Si composition. This inversely implies that, if the actual where ħ is the reduced Planck's constant (the Dirac's constant), k B is the Boltzmann constant, m is the atomic mass, and K is electronic wave vector transfer. Although it decreases the impurity resistivity with increasing temperature, the Debye-Waller factor exp[-2W(T)] is very close to unity in general (Rossiter 1987; Markowitz 1976 ) and can be negligible even at the Earth's core temperature condition (Gomi et al. 2016) . Usually, the resistivity of metals increases upon melting, however, its magnitude is basically small for transition metals (Faber 1972) . The resistivity enhancement is ~8% for Fe at 1 bar (Van Zytveld 1980) and 7 GPa (Secco and Schloessin 1989) . Recently, Wagle and Steinle-Neumann (2018) suggested that the resistivity change decreases with pressure and to be negligibly small at the inner core boundary. This situation is also valid for the thermal conductivity (Nishi et al. 2003) . Therefore, we simply ignored this effect. The thermal conductivity was then estimated from the WiedemannFranz law, k = LT/ρ tot where k is the thermal conductivity and L is the Lorenz number. Applying the Sommerfeld expansion, the Lorenz number is estimated to L Somm = 2.45 × 10 -8 WWK -2 (Gomi and Hirose 2015) . This could be potentially violated, which yields about 40% of the maximum uncertainty (Gomi and Hirose 2015; Secco 2017) . However, we used the Sommerfeld value of the Lorenz number as a representative value. Figure  6c shows the present-day conductivity at the top of the outer core. The effect of H alloying causes the reduction of melting temperature and electrical resistivity. These two factors, which have the opposite contribution to the thermal conductivity, are almost cancelled out. Therefore, the thermal conductivity is ~100 W/m/K, which is almost constant vs. H content. The estimated thermal conductivity is comparable to the high values obtained from recent theoretical and experimental studies (Pozzo et al. 2012; de Koker et al. 2012; Ohta et al. 2016; Gomi and Hirose 2015; Gomi et al. 2013 Gomi et al. , 2016 . Finally, we solved the energy conservation equations of the core to calculate the thermal history of the Earth's core (Labrosse 2015; Gomi et al. 2013 Gomi et al. , 2016 ; see also Supplementary 1 text). We assumed that the CMB heat flow is always equal to the isentropic heat flow at the CMB, which maximize the inner core age. We did not consider any contribution from radioactive elements. The calculated maximum inner core age is 0.49 Gyr at x = 0, whereas it increases to 0.86 Gyr at x = 0.7 (Fig. 6d) . This is because the incorporation of hydrogen contributes to the reduction of the core temperature, which decreases the core adiabatic temperature gradient (Gomi and Hirose 2015) . Previous estimates of the inner core age are highly uncertain. The high value of thermal conductivity (ca. ~100 W/m/K) indicates young inner core (<1 Gyr) (e.g., Gomi et al. 2013 Gomi et al. , 2016 Gomi and Hirose 2015; Ohta et al. 2016; Pozzo et al. 2012; de Koker et al. 2012) , whereas the low value (ca. ~30 W/m/K) allows much older inner core (~3 Gyr) (Stacey and Loper 2007; Konôpková et al. 2016) . Even though the effects of hydrogen increase the maximum inner core age, our new value of young inner core age is inconsistent with the Mesoproterozoic (~1.3 Ga) inner core light elements have smaller impurity resistivity than Si impurity, the estimated total resistivity should largely be decreased. In this study, it is found that almost no broadening of the band structure in the vicinity of the Fermi energy due to the H disorder effect, which qualitatively indicates no H impurity resistivity. Therefore, we assumed that the impurity resistivity depends only on the Si content. The CMB value is interpolated from the first-principles results at V = 16.27 Å reported by Gomi et al. nucleation proposed by Biggin et al. (2015) . Reconciliation of the difference requires further examination of the paleomagnetic intensity data (Smirnov et al. 2016 ) and assessment of energy budget in early history of the Earth.
The effect of ferromagnetism may play an important role in smaller planets and satellites, if their iron-dominant cores contain hydrogen. For example, such a situation likely occurs at the interior of the Ganymede, which contains large amount of hydrogen as the thick icy mantle, and hence, coexisting iron may react to form iron hydrides (Fukai 1984; Okuchi 1997; Yagi and Hishinuma 1995; Shibazaki et al. 2011; Terasaki et al. 2012) . Our prediction of the Curie temperature of dhcp FeH 1.0 is comparable to the temperature of interior of these smaller bodies (e.g., Kimura et al. 2009) . If the internal temperature is below the Curie temperature, the FeH x alloy has spontaneous magnetism and could be a source of remnant magnetism of the bodies (e.g., Crary and Bagenal 1998) . Note that the electron band structure of LMD state is significantly different from that of non-magnetic phase, which also emphasizes the importance of ferromagnetism, even if the internal temperature is above the Curie temperature.
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